BRDF defines anisotropy of the surface reflection. It is required to specify the boundary condition for radiative transfer (RT) modeling used in aerosol retrievals, cloud retrievals, atmospheric modeling and other applications. Ground based measurements of reflected radiance draw increasing attention as a source of information about anisotropy of surface reflection. Derivation of BRDF from surface radiance requires atmospheric correction. This study develops a new method of retrieving BRDF on its whole domain making it immediately suitable for further atmospheric RT modeling applications. The method is based on the integral equation relating surface reflected radiance, BRDF and solutions of two auxiliary atmosphere-only RT problems. The method requires kernel-based BRDF. The weights of the kernels are obtained with a quickly converging iterative procedure. RT modeling has to be done only one time before the start of iterative process.
INTRODUCTION
CERES (Clouds and the Earth's Radiant Energy System) deploys satellite borne instruments measuring solar-reflected and Earth-emitted radiation. One of the primary goals of CERES is to observe top-of-atmosphere (TOA) radiation budget. In addition, surface radiation budget is estimated using radiative transfer (RT) models and observed atmospheric states and cloud, aerosol, and surface optical properties. Evaluation of RT model and inputs is possible by comparing modeled and observed broadband radiances. In addition, an agreement of modeled and observed radiances enhances a confidence level of both surface radiation budget estimated by RT models and CERES instrument calibrations.
Hudson et al. [1] derived a model of surface reflection based on in situ measurements of reflected radiance and irradiance over permanent snow at Dome C. Hudson et al. [2] used that model to simulate shortwave broadband radiance observed by CERES instruments. Comparison of the simulations with actual measurements revealed significant positive bias of the model. The author reevaluated the simulations using refined scene selection and snow grain size. The results of this re-evaluation are presented in Fig. 1 . The figures show ~6% positive bias by the model along with high correlation between the model and observations. The measurements presented in [1] are very valuable source of information about reflective properties of snowpack but the model developed there does not look very well substantiated. This paper present an algorithm allowing derivation of BRDF from the ground measurements of reflected radiance. Unlike the previously developed methods [3, 4] requiring RT modeling on every iteration, such modeling has to be done only one time before the start of iterative process in the proposed method. The RT modeling in this study was performed with DISORT. Figure 2 . Surface-reflected radiance for BRDF (7) tt = 0.2 for two SZAs. Top figure -reflected direct beam, middlesource function (5), bottom -total reflected radiance.
BOUNDARY VALUE PROBLEMS OF RADIATIVE TRANSFER AND NOTATION.
The diffuse radiance inside the atmosphere illuminated on its top by light coming in direction m0 = cos qs, f0 = 0, (qsSun zenith angle, (SZA) and its boundaries is a solution of the RT equation (RTE)
supplemented by appropriate boundary conditions (BCs) on the top and bottom surfaces. Here t is optical depth, Lsingle scattering albedo, m = cos q, q, f are the polar and azimuth angles of the direction of propagation of light, c(m,m',f-f') is the normalized scattering phase function. For further development we need to consider three related boundary value problems (BVPs). The main BVP is for atmosphere illuminated from its top and underlain by a reflective surface t = tt described with BRDF r, its BCs are:
Two supplementary BVPs have the same BCs with no reflection at the bottom, i.e. the atmosphere is unbounded:
The second BVP is the same atmosphere as in problem 1 while in the third BVP the atmosphere is flipped over. The solutions of these three BVPs will denoted as L, I, and J.
EQUATION FOR SURFACE-REFLECTED RADIANCE
The surface-reflected radiance can be expressed through the solutions of the BVPs 2 and 3, and BRDF [5] :
The source function (5) of eq. (4) is a sum of the reflected direct light coming to the surface and diffuse light that has not yet been reflected from the surface (radiance I, BVP 2). It is interesting to compare contributions of the source function and its first term to the whole solution of eq. (4). The comparison was performed for a model atmosphere consisted of gas (Rayleigh scattering and weak absorption), and transported mineral dust aerosol [6] , respective optical thicknesses are tR and tA, tt = tR + tA. Two surface BRDF models are used in this study: 1) Nilson -Kuusk model [7] :
with the following coefficients: a = 0.2, b1 = 0.3149, b2 = 0.1414, b3 = -0.08251, b4 = 0.1478; 2) MODIS BRDF model [8] with kernel weights p1 = 0.265, p2 = 0.066, p3 = 0.000 representing actual MODIS BRDF retrievals over Sahara desert. Fig. 2 presents such comparison for BRDF (7), tR = tA, = 0.1. It is clear from that figure that contribution of the second term in source function (5) may not be neglected even in the case of relatively optically thin atmosphere and high Sun elevation. With the increase of the SZA contribution of the direct Sun light becomes sufficiently less than the full reflected radiance. At the same time, source function (5) provides almost total solution for all SZAs. Therefore, source function (5) presents a very good initial approximation of the total reflected radiance.
DERIVATION OF BRDF FROM THE SURFACE-REFLECTED RADIANCE WITH
The fact that source function S (5) of eq. (4) provides a very good initial approximation of L(tt, -m, f, m0) gives us an idea to use an approximation of L to improve that initial approximation by iterations of eq. (4). At the same time, that equation can be used to retrieve BRDF from the ground measurements of reflected radiance with iterative procedure which uses eq. (4) twice in every step: first to obtain an approximation of BRDF and second to improve current approximation of L. The procedure requires an assumption that BRDF can be presented as a sum of known kernels:
Then eq. (4) takes the form
If the state of the atmosphere is known then the solutions of BVPs 2 and 3 can be found, so Sl and Kl are known. Surface-reflected radiance L is usually measured on a limited set of sun-to-observer geometries, so we assume that L is known on a sparse set {m0,i, mi, fi}, i=1, ... p. Then, the algorithm resembles iterative process in [9] : 0 th approximation: a) minimal square fit on the set of experimental data Li = L(t = tt, -mi, fi, m0,i),
(t = tt, -m, f, m0) needed to evaluate the integral term in eq. (9) with: 
(t = tt, -m, f, m0) needed to evaluate the integral term in eq. (9) with eq. (13). The steps of the 1 st approximation can be repeated until desirable convergence is reached.
The solutions of BVPs 1, 2, and 3 can be used to present numerical performance of the suggested algorithm. Random sets of the Sun-to-observer geometries {m0,i, mi, fi}, i=1, ... 12 were picked up to model sparse experimental measurements of the surface-reflected radiance. The results of retrievals of BRDF parameters are presented in figures 3 -5 and Tables 1, 2. The figures show that iterative process converges very quickly, first iteration is enough in all considered realizations.
CONCLUSION AND FUTURE WORK
Analysis of the surface-reflected radiance based on the integral equation relating it with the solutions of the related free surface problems was performed. Contributions of the different terms of the equation to the total solution were analyzed. The analysis showed that direct light contribution does not provide good estimate to the full solution while the contribution of both direct and diffuse but not reflected light does. This enables development of an iterative fitting algorithm to derive weights of kernel-based BRDF from the surface-reflected radiance.
The algorithm requires assumption on the functional form of BRDF kernels and returns the weights of the selected kernels. The choice of the kernels depends on the physical properties of the surface. The algorithm converges quickly, only 1 iteration is needed. The model should bear optical reciprocity which is achievable by proper choice of BRDF kernels. The particular functional forms of the BRDF kernels need to be found and constitute the nearest future work. The final goal of this study is retrieve high accuracy permanent snow BRDF model from the ground observations similar to those reported in [1] and improve accuracy of RT modeling of the CERES observations over permanent snow. 
